Purpose We present the characterization of environmental samples using near-edge X-ray absorption fine structure (NEXAFS) spectra recorded with an in-house device. We want to point out the feasibility of such an easily accessed complementary technique, if not sometimes alternative to NEXAFS studies performed with synchrotron radiation, as the number of compact setups is increasing. Materials and methods The experiments were carried out using a laser-driven plasma source. We studied heterogeneous samples like refractory organic substances to demonstrate the potential of NEXAFS spectra, achieved by such an instrument, concerning specimens of high chemical complexity.
NEXAFS spectroscopy, it is possible to obtain information of the binding situations of elements like carbon, calcium, and sulfur within the samples under investigation (e.g., Schumacher et al. 2005; Mitrea et al. 2008; Thieme et al. 2010; Singh and Gräfe 2010) .
The basic principle is the detection of transmitted Xradiation passing through a sample. The transmission is calculated by the Lambert-Beer law (I ¼ I 0 e ÀmðEÞrd ), describing the exponential decrease of the incident intensity I 0 traversing a sample of thickness d and density ρ. Via the mass absorption coefficient μ(E) (CXRO and ALS 2009), the transmission depends on the energy, i.e., the wavelength, of the incident photons. If their energy is high enough to excite electrons in the sample, a jump in the absorption spectrum occurs. At certain energies below and above this absorption edge, some of the electrons are excited to higher atom or molecule orbitals, resulting in modulations in the absorption spectrum around the edge and providing information about the structural (and elemental) composition of a sample (Stöhr 1992; Rehr and Albers 2000) .
At first, NEXAFS was used to characterize small, wellknown molecules (Francis and Hitchcock 1992; Ishii and Hitchcock 1987 , 1988 , Sham et al. 1989 , Stöhr 1992 and their orientation and bond lengths. Soon, more complex samples from polymer science were investigated using NEXAFS spectroscopy, see for example Kikuma and Tonner (1996) ; Urquhart and Ade (2002) . Over the recent years, more and more complex heterogeneous samples from biomolecular (Boese et al. 1997; Hitchcock et al. 2005; Benzerara et al. 2006) or environmental (Cody et al. 1998; Braun 2005; Solomon et al. 2009 ) origin were studied. Especially natural organic matter and soils Schumacher et al. 2005; Lehmann et al. 2007; Thieme et al. 2010) , or particulate matter (Braun et al. , 2007 were subject to such studies, by which valuable information about the chemical composition and functional groups and also their change due to photolysis, temperature, and so on could be gained.
Such spectroscopic investigations are most often carried out at synchrotron radiation facilities, which produce radiation of very high brilliance and intensity over a very broad wavelength range. Due to the high amount of information obtainable by these experiments, a high demand exits for measuring time at these setups. Sometimes, this may lead to rather high waiting times before the measurements can be performed.
To elucidate whether the samples under investigation are suited for NEXAFS, it would be desirable, if a setup existed that would allow preliminary measurements. That way, appropriate sample preparation techniques, the sample holder equipment, and the sample storage could be tested, or improved, too. In addition, new approaches for the evaluation of the obtained spectra could be developed. This approach would drastically reduce the amount of time required at the synchrotrons leading to a much higher sample throughput and thus to a reduction of waiting time.
Apart from potential improvements of the preparation of synchrotron experiments, a tabletop spectrometer could have other possible fields of application. If such an instrument is for instance incorporated into a soil science laboratory, kinetic measurements would be feasible. Experiments investigating the interactions of model compounds like distinct proteins (Pagel-Wieder et al. 2007 ), leaching experiments, or the change of extracted substances depending on extraction time or solvent would be realizable within a short measuring time. With an instrument on site, experiments would be quickly repeatable also adding to statistical context, which is important for instance, to test heterogeneity in the field.
In the last years, laser-driven plasma sources for soft Xradiation have been developed Jansson et al. 2005; Fiedorowicz 2005 ). It has been demonstrated that applications such as X-ray microscopy (Hertz et al. 2009) or spectroscopy (Vogt et al. 2004) , which were restricted to synchrotron experiments could be realized. Apart from plasma sources, also other tabletop setups operating with high harmonic generation (Seres et al. 2007; Zepf et al. 2007) or X-ray lasers (Wang et al. 2006 ) generate Xradiation of high brilliance. Laser plasmas are attractive compact X-ray sources due to their small size, high spatial stability and high brightness, and/or high flux. In the following, we present the application of a tabletop instrument to study environmental samples using soft Xrays with photon energies below 1 keV. In previous experiments with the same instrument, polymers have been studied and the outcome was related to synchrotron measurements (Nováková et al. 2008 ). In Sedlmair et al. (2009) , it was demonstrated that the effect of different extraction methods is also detectable using this setup. Here, a more detailed study is shown. The experiments are combined with an empirical analysis to quantitatively assess complex heterogeneous systems like refractory organic substances 2 Experimental section
Samples and preparation
We analyzed six different samples. The first two were used as reference samples: a polyimide foil (PMDA/ODA, PI 2545, HD Microsystems, d=200 nm) and a humic acid (H16752, purchased from Sigma Aldrich). The other four samples were: two HAs (humic acids) extracted from a gleyic chernozem from an Ah horizon (German taxonomy: Schwarzerde, from Rosdorf near Göttingen, Germany) (Scheffer and Schachtschabel 2010; Ahl et al. 2007) , by Na-pyrophosphate solution (pH=7.0), referred to as HA1, or by sodium hydroxide solution, referred to as HA2, respectively. An aquatic fulvic acid from Lake Hohloh in the Black Forrest obtained by sorption on a resin (XAD), according to the procedure of the IHSS (International Humic Substances Society). The last sample is a size fraction of a luvisol soil with a low content in organic matter in general (again from the Göttingen area).
Apart from the polyimide (PI) foils, which did not require further sample preparation, the basic procedure was the following: the lyophilized original substances were redissolved in ultrapure water (Millipore) as 1% stock solutions; if necessary, these were diluted further. Glass vessels (2 ml, Eppendorf), containing the suspensions, were treated with ultrasound for several minutes. Afterwards, we waited (∼30 min.) for the larger particles to settle down before 1-2 μl of the supernatant of these suspensions were dropped on a Si 3 N 4 membrane (membrane window 1.5× 1.5 mm 2 , 100-nm thick; frame 5×5 mm 2 , 200-μm thick, from Silson Ltd., Northampton, England). After evaporation of the water, the membrane with the dried sample was ready to be mounted on the sample holder and positioned in the tabletop NEXAFS spectrometer. In contrast to polymer samples, samples of natural origin are not of high purity. Therefore, the Si 3 N 4 membranes were not subject to any further cleaning procedures, apart from the fact that the membranes are packed under clean atmosphere. To determine the fraction of the membrane to the recorded spectra, empty membranes were measured, too.
Due to the size of the area, from which the transmitted light is detected (100 μm×2.3 mm), variations in chemical composition are averaged out. Typically, the test samples showed thicknesses d of a few hundred nanometers. This can be calculated from the incoming signal using
) with optical density oD (oD ¼ À ln
) and mass absorption coefficient μ measured at two different energies E well below (2) and above (1) an absorption edge (Kaznacheyev et al. 2002) .
Instrumentation
The instrumental setup of the NEXAFS spectrometer using a laser-plasma source for generating soft X-radiation is described in detail by Peth et al. (2008) .
An outline of the setup is depicted in Fig. 1 . The major components, source, object holder, and spectrometer, are connected with flanges. The distance between the plasma source and the sample is about 220 mm followed by an opening wit a diameter of 5 mm between source and sample stage, also in vacuum. The distance between the sample and the entrance slit of the spectrometer is about 425 mm.
The plasma source, a pulsed Krypton gas target, emits broadband radiation in the spectral range of the water window (280-530 eV, Kr XXV -Kr XXVI). The source radiates isotropically into a full solid angle of 4π; therefore, the sample is fully illuminated. However, the width of the detector of the spectrometer and the entrance slit (100 μm) limit the acceptance; thus, only the transmitted intensity of a sample region of (100 μm×2.3 mm) is detected. The XUV spectrometer consists of an aberration corrected flatfield grating (2,400 lines per millimeter) working in reflection, and a thinned backside illuminated CCD camera. The reference signal I 0 is recorded separately, but due to the stability of the plasma source (deviation of spectra <5% in previous experiments (Peth 2008; Nováková et al. 2008) ), this is not a drawback. The signal is automatically converted to optical density by the software using the Lambert-Beer equation, cf. Section 1.
Analysis of the spectra
Before fitting, the spectra were smoothed using a standard algorithm (Golay-Savitzky algorithm). A linear pre-edge background was subtracted from each spectrum, representing the decay, which is usually observed in X-ray absorption spectra (Stöhr 1992) and defining the zero line. Because for the analysis, the relations of the peaks within one spectrum are regarded, renormalization was done by setting the highest point to 1, making the qualitative comparison between the spectra easier. The analysis of the NEXAFS spectra was carried out using SpecFit, an IDLprogram (Interactive Data Language) developed within our group (Gleber et al. 2003) .
To fit the spectrum of a heterogeneous sample of mainly unknown chemical composition, two different approaches were combined. Firstly, we localized the positions of the peaks from the minima of the second derivative of a spectrum, with respect to the energy, as shown in Fig. 2 and the inset. Secondly, we took advantage of the fact that published NEXAFS-spectra of many chemical compounds already exist, e.g., (Smith et al. 2001; Hitchcock et al. 2005; Dhez et al. 2003; Shober et al. 2006; Hitchcock 2009; Ishii and Hitchcock 1988; Cooney and Urquhart 2004; Solomon et al. 2005 Solomon et al. , 2009 . We compared these with the positions gained from the derivatives. The peaks expected from transitions to unoccupied orbitals were added, such as σ* C−N , σ* C−S , or phenolic π* C=C , which were not noticeable from the spectrum or its derivatives in the first place, with the most probable positions (e.g., from Samant et al. (1996) , Hitchcock (2009), Cooney and Urquhart (2004) , Dhez et al. (2003) , and Kaznacheyev et al. (2002) ) as starting points for the fitting algorithm.
Because of their asymmetrical shape, the peaks cannot be fitted exactly with a Gaussian curve (Dhez et al. 2003) .
Often, NEXAFS spectra are fitted using Gaussian curves for the peaks and an arctangent function to simulate the absorption edge. However, as seen from NEXAFS spectra of small, well-understood molecules Hitchcock 1987, 1988; Sham et al. 1989; Cooney and Urquhart 2004; Kolczewski et al. 2006; Bâldea et al. 2007; Solomon et al. 2009 ), shifts of peak positions and absorption edges occur, depending on, e.g., the chemical environment, the substrate, or the state of aggregation. Furthermore, the functional and other subgroups in such large compositions are regarded as independent units. But each of these units has its ionization point at another energy, as known from the literature (Francis and Hitchcock 1992; Hitchcock 1987, 1988; Sham et al. 1989; Stöhr 1992; Kikuma and Tonner 1996) . Thus, due to a mix of chemistries leading to chemical shifts of the core level, the arctangent for large and complex molecules like environmental samples would be very broad, and thereby dominate the fit of the spectra and submerging the Gaussian curves, see Fig. 3 (arrows) . In addition to that, it is not trivial to determine the exact location of the arctangent (Stöhr 1992). To account for this and for the asymmetry of the peaks, we used a combination of Gaussian, Lorentzian, and arctangent curve for every peak. It has already been stated by other authors that the deconvolution of NEXAFS spectra by Gaussian (and/or Lorentzian) curves and an absorption edge is still subject to Fig. 1 Sketch (not to scale) of the instrumental setup of the laser-plasma XUV source used for recording the NEXAFS spectra. The setup can be used in a transmission and reflection geometry depending on the sample and experiment. The instrument has been developed up at the Laser-Laboratorium in Göttingen and is described in detail in Peth et al. (2008) Fig. 2 NEXAFS spectrum of humic acid from Sigma Aldrich. The assignments were chosen by comparing with data from published NEXAFS data. The spectrum is used to prove, whether quantitative statements concerning elemental composition can be made discussions (Stöhr 1992; Cody et al. 1995; Kaznacheyev et al. 2002; Dhez et al. 2003) .
Handling the complexity of the sampled data, we had to make reasonable assumptions concerning the parameters of the three curves that were assigned to every peak in to achieve consistent results. The ratio of Gaussian to Lorentzian curve was set to 0.6; the latter accounts for the widening of the peaks due to intrinsic properties of the instrument. The width of the arctangent was set to 0.8 eV and its inflection point to the same energy of the respective peak. The relative height of the arctangent was set to be 0.1, which we estimated via the attenuation length (CXRO 2010).
Results and discussion

Reference samples
In the course of analyzing the reference spectra, the empirical approach to estimate the elemental composition of the samples is explained, too. The polyimide foil was useful as the first reference sample, since its structure is sufficiently complex to test our approach of referring to published NEXAFS data from polymer science to find the correct assignment of the peaks in addition to the mathematical strategy using the second derivatives. Polyimides are synthetic polymers, consisting of well-defined building blocks (inset in Fig. 3a) , from which we calculated the elemental composition (Table 1) . The main constituent, the imide group, is part of every polyimide, but the moieties of the different polyimides vary. The recorded spectrum of the polyimide foil used here, shown in Fig. 3 , is quite well comparable to NEXAFS spectra of other polyimides (Stöhr et al. 2001; Samant et al. 1996) . The very prominent resonances of the aromatic rings at 284.9 eV (benzene) and 286.9 eV (phenol), the peak of the carboxyl group (288.9 eV) and the peaks of the transition to the σ*-orbitals around 291 and 295 eV are characteristic for these polymers.
The bonding environment is probed resulting into peaks in the spectra. The heights and widths of these resonance peaks are proportional to the number of transitions in the sample and allow an approximation of elemental composition of the sample. A similar approach works for NEXAFS spectra of sulfur and has also been applied to XPS (X-ray Fig. 3 Spectrum of polyimide foil at CK edge, a with evaluation curves as used for the experiments presented here, b fitted assuming one global absorption edge. The inset in a shows the structural formula of polyimide. The assignment of the peaks with increasing energy results from comparison with published results and the differentiation of the measured data, and is presented in Table 2 photoelectron spectroscopy) data (Bubert et al. 2000) . For the analysis, we hence assumed that the area under a Gaussian curve assigned to a resonance is proportional to the frequency of occurrence of this binding form of the studied element (Xia et al. 1998; Huffman et al. 1991; Cody et al. 1998 ; di Stasio and Braun 2006), making it possible to approximate the composition of the bound elements. To do so, the areas of the peaks were added up, and the sum was set to 100% in the sample. For the PI and the HA, these values are collated in Table 2 . By summing up the respective percentages of the transitions to the single (σ) and double (π) bond orbitals of the same kind, an estimate of the elemental composition in the organic part of the studied sample was achieved. Peaks assigned to more than one transition were counted in equal parts to the relative component, e.g., 50% of the area under the polyimide peak at 287.36 eV (1 s→σ* C−H , 3 s) was added to the amount of C, 50% to the amount of H.
Since the spectral features not only comprise of contributions of the transitions noted in the second column in Table 2 , only the most probable transitions, according to literature are used for assignment of the peaks. The values for the elemental compositions should thus be considered as maximum content. In particular, the amounts of N and S are affected, since they are estimated from the assigned σ* C−N and σ* C−S resonances.
For the calculations, the peaks of the potassium L II,III edges have not been taken into account. At energies above 300 eV, the transitions to σ* C=C and σ* C=O are located. However, the contribution of the double bond compounds has already been accounted for from the π* orbitals, thus, they were left out of the estimation, too.
Often, NEXAFS spectra are evaluated by fitting the peaks with Gaussian (and Lorentzian) curves and using one broad global arctangent function for the absorption edge (Dhez et al. 2003; Mitrea et al. 2008; Huffman et al. 1991) . To demonstrate the advantage of our approach, we also used this procedure to evaluate the polyimide foil. The comparison (see Table 1 ) of the results shows that the elemental composition is no longer assessable. This is mainly due to the resonances around 290 eV now being significantly smaller (arrows at 1 s→σ* C−N and σ* C−C in Fig. 3 ).
The information yielded by the polyimide spectrum was helpful to characterize the second reference sample, a wellinvestigated HA standard sample (Monteil-Rivera et al. 2000; Sierra et al. 2005; Plucinski et al. 2007; Rodrigues et al. 2008 ). The spectrum is displayed in Fig. 2 with the assignments of the peaks depicted in more detail. The relation of the peak heights within the spectrum is characteristic for this sample, as the comparison with HA in the following paragraph and from literature (Solomon et al. 2005 (Solomon et al. , 2009 shows. The inset shows the second derivative of the absorption with respect to the energy. The minima of the derivative were used to determine the locations of most of the peaks in the spectrum of the HA, as mentioned before. This procedure has also been applied to the other spectra. The middle part of Table 1 shows the outcome of our study on the HA from Sigma Aldrich in comparison with published data from Monteil-Rivera et al. (2000) and Rodrigues et al. (2008) . Our approximation of the elemental compositions yields values close to the analytical data, directly taken from the supply company, Sigma Aldrich. In Monteil-Rivera et al. (2000) , the elemental composition has been determined with an elemental analyzer and with X-ray photoelectron spectroscopy (XPS). Sierra et al. (2005) For the values gained from the evaluation with SpecFit from the NEXAFS data, the percentages in elemental composition have been calculated by setting the sum of the five main contributors to 100%
Environmental samples
With the results obtained from the reference samples, we were able to analyze environmental samples of unknown composition. The spectra of the measurements are depicted in Fig. 4 . The estimation of the chemical composition is shown in Table 1 .
The spectra in Fig. 4a , b stem from HA of the identical gleyic chernozem, but were extracted with different methods (cf. Section 2.1). For HA1 (see Fig. 4a ), Napyrophosphate was used, while HA2 (see Fig. 4b ) was extracted with NaOH. From the NEXAFS, experiment the effect of these different methods becomes clear. HA1 exhibits a strong absorption around 285-286 eV, where Table 2 Energy positions and assignments of features in the C 1s NEXAFS spectrum of polyimide in Fig. 3a) , the humic acid purchased from Sigma in Fig. 2 , and the luvisol; the last two features have not been taken into account to calculate the elemental composition in Table 1   Sample Position ( the benzene and phenolic peaks are located-the area under the two Gaussian curves is 22.8%. The strong carbon signal masks the two potassium peaks resulting from the L III and L II absorption edges. HA2 shows a high aromatic and phenolic content, together 14.1%, but the ratio of carbonyl/ carboxyl to these groups is more in favor of the COO(H)-groups than in the first sample in Fig. 2a ; with 11.3% alone, the peak, around 288.1 eV, is much higher than the ones at 285 and 286 eV. The spectral features of the reference HA (see Fig. 2 ) resemble HA1 more closely.
The spectrum of the sample depicted in Fig. 4c yielded the results we expected from an FA (Bubert et al. 2000; Frimmel et al. 2002) , in particular the low carbon content, observable from the smaller peaks around 285-286 eV (9.27%) and the high π* C=O resonance at 288.1 eV (17.0%). Comparing the results in Figs. 3 and 4 from the samples HA, HA1, and HA2, to the FA the content of carboxylic groups is with 17.0% of the peak areas highest for the FA. This coincides with chemical analysis (Stevenson 1994) . In general, FA of aqueous origin contain relatively less carbon than samples extracted from soils, which means that more oxygen and other atoms are incorporated in the FA molecules. This has been proved by other authors with several other methods. The FA has also been studied using XPS (Bubert et al. 2000) . The peak assignments and also the way of calculating the elemental composition are in good accordance to the results reported here.
To show that whole soil samples without being extracted or processed by other preparation technique can be investigated, too, we chose the Ah-horizon of a luvisol under agricultural use; the corresponding NEXAFS spectrum is presented in Fig. 4d . This type of soil contains a high amount of clay minerals, and other inorganic materials. The overall content of organic carbon is around 2.5% in the studied soil layer (Ahl et al. 2007 ). Here, the π* C=O peak (carbonate) in the NEXAFS spectrum is prominent, and the aromatic peak appears to be the lowest of all four samples. We assume this high peak is due to liming of the soil, a common practice to increase its fertility. Owing to the low carbon content and higher content of illitic materials of the luvisol, the resonances of the K L II,III edges are particularly high in this spectrum.
The spectra are comparable to those achieved with synchrotron radiation (Solomon et al. 2005 (Solomon et al. , 2009 Schumacher et al. 2005) , as they exhibit the expected peaks at the characteristic positions. This could provide the possibility to perform test experiments with samples, which are later studied in more detail with X-rays generated by a storage ring and might as well give an impulse on the broader spread of the Table 1 , and the peak assignments for luvisol are also collated in Table 2 application of NEXAFS spectroscopy. Nonetheless, due to the setup of the instruments, the recorded spectra only give information about the averaged sample, and of course, the source does not reach the brilliance of a synchrotron. Spatial resolution, as for instance provided by spectromicroscopy, cannot be expected. Furthermore, the grating does not allow for a spectral resolution better than 0.2 eV in the energy range that was used for the experiments here.
Conclusions and outlook
We presented a NEXAFS spectrometer with a compact xray source, together with a new approach to analyze the data. Using a lab-based instrument with a compact X-ray source, NEXAFS spectra of heterogeneous environmental samples were recorded. The spectra of the extracted HA and FA are in well congruence with data of similar samples obtained at synchrotrons reported in the literature. It was even possible to record a spectrum of a whole soil sample, without further extraction or preparation. Yielding reliable and reproducible results, such tabletop instruments could thus serve as a complementary technique to test and prepare synchrotron-based NEXAFS experiments, sometimes even as an alternative, if not too detailed spectra are necessary. The analysis uses a new approach to fit the NEXAFS spectra, by introducing a "valence band" for every peak represented as arctangent for every resonance, thereby taking the heterogeneity of the samples into account. From the analysis, quantitative statements about the elemental composition and even the relative amount of the binding types were made.
In addition to the experiments presented here, there is still potential to increase the scope of application of the NEXAFS technique. The setup allows for surface-specific measurements, since it is possible to study the samples in reflection mode, too . In that mode, the formation of organic coatings on mineral substrates could be directly observed. Additionally, other elements like potassium are detectable, and it should be possible to gain more information on their chemical environment, e.g., different illites.
We described the sample preparation as straightforward and noninvasive, but only for dry samples. Despite of that, it is also manageable to study wet or anoxic samples, if a small droplet or amount of the sample is enclosed between two Si 3 N 4 foils and then sealed with lacquer or glue, thereby building a small wet chamber. In addition, the spectral range of Kr, the target gas, extends between 260 and 800 eV. That way it would also be possible to study the Ca signature (L II , III between 345 and 350 eV) of soil samples or the interaction of refractory organic substances (ROS) and mineral particles in general. Furthermore, by applying other filters or sample holders, information about the N K edge and Fe L II,III edges could be gained.
Currently, the number of compact laser-driven X-ray sources for spectrometers (and microscopes) is small but increasing. Due to this and instrumental developments, a higher throughput of interesting samples directly in the laboratory of an institute can be envisioned-at the moment with experimenting times of approximately five samples per hour. The experiments presented here demonstrate clearly what experiments with compact X-ray sources are already feasible and how to proceed with the resulting data.
